Abstract-Blacks
T he prevalence and severity of hypertension in blacks far exceeds any other racial group, 1,2 and the development of hypertension typically occurs much earlier in life for these individuals. 3 An increased incidence of high blood pressure (BP) amplifies the risk for cardiovascular disease, stroke, and death, 4, 5 and as such blacks are at nearly double the risk of fatal stroke and heart disease-related deaths, compared with whites. 1 Despite these well-known racial disparities in cardiovascular health, the underlying mechanism(s) remain incompletely understood.
The sympathetic nervous system contributes importantly to cardiovascular regulation at rest by continuously altering vascular resistance and BP on a heartbeat-by-heartbeat basis. Consequently, the increased prevalence of hypertension in blacks may rely, in part, on the link between sympathetic nerve activity and vascular responsiveness. In this regard, previous studies have demonstrated an augmented vasoconstrictor response to the infusion of α-adrenergic agonists in blacks compared with whites. 6 Furthermore, exaggerated increases in vascular resistance and BP to sympathoexcitatory stressors have been reported in blacks. [7] [8] [9] [10] However, findings have been equivocal. 11, 12 Additionally, although such experimental procedures reveal that large elevations in sympathetic outflow may increase vascular resistance more in blacks than in whites, these studies do not provide insight into the ability of the sympathetic nervous system to dynamically control vascular tone and BP on a beat-to-beat basis under normal resting conditions, nor do they represent resting sympathetic vascular transduction.
With this background in mind, in this study, we made direct measures of muscle sympathetic nerve activity (MSNA) combined with beat-to-beat arterial BP and femoral artery blood flow to comprehensively investigate potential racial differences in resting sympathetic vascular transduction. There is a growing interest in assessing sympathetic vascular transduction at rest, [13] [14] [15] [16] and herein, we used a signal-averaging method previously developed 17 and validated in our laboratory [13] [14] [15] to characterize beat-to-beat changes in leg vascular conductance (LVC) and BP following spontaneous MSNA bursts. We tested the hypothesis that, relative to whites, blacks would exhibit greater vasoconstriction and pressor responses following spontaneous bursts of MSNA.
Methods

Study Population
We studied 35 young men (17 blacks and 18 whites). Studies were performed at the University of Missouri (n=18 total: 9 blacks and 9 whites) and the University of Texas at Arlington (n=17 total: 8 blacks and 9 whites). Racial identification was determined by self-report, and subjects were classified by identifying their parents as either both African American or both white. All subjects were free from known neural, cardiovascular, respiratory, or metabolic disease and were nonsmokers. Participants were studied at least 3 hours post-prandial and free from caffeine or alcohol for 12 hours and exercise for 24 hours. Each subject received verbal instructions and familiarization with all experimental measurements and procedures before data collection. Study procedures conformed to the Declaration of Helsinki and were approved by Institutional Review Boards at the University of Missouri and the University of Texas at Arlington. All subjects provided written informed consent before participation.
Experimental Measures
Standard Cardiovascular Measures
A lead II ECG (Quinton Q710, Bothell, WA) was used to measure heart rate. Beat-to-beat BP was measured continuously via finger photoplethysmography (Finapres Medical Systems, Amsterdam, the Netherlands). In addition, BP was obtained through brachial artery sphygmomanometry (Welch Allyn, Skaneateles Falls, NY) to calibrate absolute BP readings from the Finapres.
Muscle Sympathetic Nerve Activity
Multiunit MSNA recordings were obtained at the peroneal nerve, as previously performed in our laboratory. 13, 14, 18, 19 Briefly, a unipolar tungsten microelectrode was inserted percutaneously and positioned into a fascicle of nerve fibers innervating the skeletal muscle vasculature. Signals were amplified, band-pass filtered (700-2000 Hz), rectified, and integrated at a time constant of 0.1 second (Iowa Bioengineering, Iowa City, IA). The presence of MSNA was confirmed by a pulse-synchronous signal that responded to an end-expiratory breath hold and stimulation of muscle, but not skin, afferents.
Leg Blood Flow
Common femoral artery diameter and velocity were obtained via duplex Doppler ultrasound (GE Logiq P5, Milwaukee, WI) as previously described by our laboratory. 13, 14 Briefly, a 9-or 11-MHz linear array transducer was selected for optimal image quality and positioned at the common femoral artery via a stereotactic clamp, 2 to 3 cm proximal to the bifurcation of the superficial and deep branches. Continuous measures of common femoral artery diameter and blood velocity were obtained in duplex mode at a pulsed frequency of 5 MHz. The sample volume encompassed the entire vessel lumen without extending beyond the walls, and the insonation angle was set at 60°. Because of an inability to obtain high-quality Doppler ultrasound measures in 4 of the subjects, blood flow data include a total of 18 whites and 13 blacks. Ultrasound images of the femoral artery and velocity waveform were acquired at 30 Hz using a custom LabVIEW program interfaced to the video output of the Doppler ultrasound machine. ECG, BP, and MSNA signals were sampled at 1000 Hz and embedded as data streams into an Audio Video Interleave file allowing for simultaneous data acquisition of all cardiovascular variables. This custom LabVIEW program has been described in detail previously. 13, 14, 20, 21 
Experimental Protocol
After instrumentation for all measurements, subjects rested for ≈15 minutes before any data collection. Neural and cardiovascular measures were then recorded continuously throughout a 20-minute baseline period in a dimly lit, temperature-controlled room (21-22°C) while subjects rested quietly in the supine position. At the conclusion of each experiment, subjects were asked to provide a rating of their need to use the restroom on a scale of 0 to 10.
Data Analysis
Common femoral artery diameter and blood velocity were analyzed via custom edge-detection software and synchronized beat-to-beat with ECG, BP, and MSNA signals in LabVIEW. Femoral blood flow was determined via continuous recordings of common femoral artery diameter and blood velocity, calculated as: π×(diameter/2) 2 ×mean blood velocity×60. LVC was determined by dividing femoral blood flow by mean arterial pressure (MAP), which was calculated as the integral of the arterial BP waveform. In addition, the arterial BP waveform was analyzed using the Modelflow method 22 to estimate stroke volume and calculate cardiac output from the product of stroke volume and heart rate. Total vascular conductance (TVC) was calculated by dividing cardiac output by MAP.
The sympathetic neurogram was analyzed on a beat-to-beat basis to determine the presence/absence of MSNA bursts. Bursts were identified via the following criteria: (1) >3:1 signal-to-noise ratio, (2) burst morphology consistent with MSNA bursts, and (3) a pulse-synchronous signal. As an index of resting sympathetic outflow, MSNA was quantified as burst frequency (bursts/min) and burst incidence (bursts/100 cardiac cycles).
A spike-triggered averaging methodology previously developed in our laboratory [13] [14] [15] was used to assess beat-to-beat sympathetic vascular transduction. LVC and TVC were determined at the time of each MSNA burst, referred to as cardiac cycle 0, and followed for 10 subsequent cardiac cycles. This time frame was chosen based on the original work of Wallin and Nerhed 17 demonstrating that the peak increase in BP occurs at ≈5.5 seconds following a burst of MSNA. In addition, work from our group using phentolamine to block α-adrenergic receptors has demonstrated the sympathetic origin of the responses and that this window appropriately captures the time course and nadir changes in vascular conductance following spontaneous MSNA bursts. 23 The absolute and percent changes in LVC and TVC over these 10 cardiac cycles were determined and averaged for each subject to provide a group mean (blacks versus whites). This allowed for the characterization of the time course of the response in each group. Nadir responses were also determined as the largest decrease in LVC and TVC for each individual, to assess the magnitude of the response. Identical signal-averaging procedures following MSNA bursts were also performed for MAP to estimate sympathetic transduction, with respect to changes in BP. Finally, we followed cardiac cycles that did not include an MSNA burst (ie, nonbursts) and also signal-averaged LVC, TVC, and MAP for the subsequent 10 cardiac cycles.
To investigate the effect of burst patterning, MSNA bursts were further characterized as single bursts occurring in isolation (surrounded by cardiac cycles without MSNA bursts) or multiple bursts (directly adjacent to ≥1 other MSNA burst). As above, absolute and percent changes in LVC, TVC, and MAP were determined for each burst belonging to either a single burst or multiple bursts and then were signal averaged for each subject to provide group means, as previously described. 14 Because MSNA burst heights vary throughout the recording period, we also examined the influence of burst amplitude on ensuing LVC, TVC, and MAP responses. For this analysis, burst amplitudes were normalized as a percentage of maximum burst height within the 20-minute recording, which was determined from the average of the 3 largest bursts. Next, sympathetic bursts were categorized into quartiles by their normalized burst heights, wherein quartile 1 represented the smallest 25% of burst amplitudes and quartile 4 represented the largest 25% of burst amplitudes. Signal-averaging procedures were then applied to all MSNA bursts in each of the height quartiles, providing an absolute and percent change in LVC, TVC, and MAP for each subject, and these individual values were averaged to provide group means.
Statistics
Data were analyzed via a mixed-model ANOVA for group and time effects (SPSS, version 24), where group was a fixed variable, and time was a repeated measure. When significant interactions were found, between-group post hoc comparisons were made using the Bonferroni correction. Between-group comparisons of subject characteristics or resting cardiovascular parameters were made using unpaired t tests. All data are expressed as means±SEM, and significance was set a priori at P<0.05. Figure 1A shows the beat-to-beat decreases in LVC following spontaneous bursts of MSNA in black and white groups. There was a clear and consistent decline in LVC over the 10 cardiac cycles following MSNA bursts in both groups (P<0.001), with the reduction being significantly greater in the black group compared with the white group ( Figure 1A ).
Results
Baseline Characteristics
Effect of Spontaneous MSNA Bursts on LVC
This greater vasoconstriction resulted in a larger nadir in LVC in the black group when expressed as an absolute change (blacks: −0.81±0.13 mL/min per mm Hg; whites: −0.47±0.04 mL/min per mm Hg; P=0.009) or percent change ( Figure 1B) . In contrast to MSNA bursts, cardiac cycles that did not contain a burst of MSNA resulted in a slight increase in LVC (P<0.001), but this was not different between groups (blacks: +3.1±0.5%; whites: +2.8±0.5%; P=0.63).
Effect of Spontaneous MSNA Bursts on TVC
The time course of beat-to-beat changes in TVC in response to MSNA bursts is shown in Figure 2A . Similar to LVC, TVC was significantly reduced following MSNA bursts (P<0.001), and this response was greater in the black versus white group (Figure 2A) . Consequently, blacks exhibited a significantly larger nadir in TVC following MSNA bursts when expressed as an absolute change (blacks: −6.4±0.9 mL/min per mm Hg; whites: −4.3±0.4 mL/min per mm Hg; P=0.03) or percent change ( Figure 2B ). Conversely, cardiac cycles that lacked an MSNA burst resulted in an increase in TVC (P<0.001) that was similar between groups (blacks: +1.2±0.3%; whites: +1.4±0.2%; P=0.11).
Effect of Spontaneous MSNA Bursts on MAP
As shown in Figure 3A , spontaneous bursts of MSNA resulted in an increase in MAP (P<0.001). This rise in MAP was heightened in the black relative to the white group ( Figure 3A) . Indeed, the peak increase in MAP was significantly greater in blacks ( Figure 3B ). When cardiac cycles not associated with an MSNA burst were considered, MAP was significantly decreased (P<0.001), and this response was similar between blacks and whites (blacks: −1.0±0.2 mm Hg; whites: −1.0±0.1 mm Hg; P=0.91). Figure 4 depicts LVC, TVC, and MAP responses following MSNA bursts sorted by burst pattern into singles or multiples. The black group consistently demonstrated heightened responses compared with the white group. For both singles and multiples, the peak decrease in LVC ( Figure 4A ) and TVC ( Figure 4B ), as well as the peak increase in MAP ( Figure 4C ), were all greater in the black group.
Effect of MSNA Burst Pattern
Importantly for these analyses, during the 20-minute baseline period, the number of single MSNA bursts was not different between groups (blacks: 97±9; whites: 111±8; P=0. 22) . Additionally, the number of multiple burst occurrences was also not different between blacks and whites. This was the case for occurrences of 2 bursts (blacks: 36±6; whites: 36±4; P=0.99), 3 bursts (blacks: 6±2; whites: 8±2; P=0.55), or 4+ bursts (blacks: 2±0; whites: 2±0; P=0.69). These data also highlight that for both groups, the occurrence of single MSNA bursts exceeded the number of multiple bursts.
Effect of MSNA Burst Amplitude
The influence of MSNA burst amplitude on LVC, TVC, and MAP are presented in Figure 5 . As burst amplitude increased, there was a graded decrease in LVC and TVC that was significantly greater in the black group. Indeed, blacks exhibited a greater nadir in LVC and TVC following MSNA bursts across all quartiles ( Figure 5A and 5B). As an example, in quartile 4, there was a −22.8±1.4% decrease in LVC in the black group compared with −17.2±1.8% in the white group (P=0.030). Similarly, we observed a −12.2±1.4% decrease in TVC in the black group in quartile 4, whereas the white group exhibited a −7.6±0.6% reduction (P=0.003). Consistent with the greater vasoconstriction observed in the black group across height quartiles, there was a progressive increase in MAP from quartile 1 to quartile 4 that was larger in the black group ( Figure 5C ). Important for these group comparisons that include burst amplitude, the average normalized burst height was not different between black and white groups for all height quartiles (group, P=0.48; quartile, P<0.001; interaction, P=0.07).
Discussion
This study provides novel insight into racial differences in resting sympathetic vascular transduction. We have demonstrated for the first time that, relative to white men, black men exhibit augmented decreases in LVC following spontaneous bursts of sympathetic outflow. This greater vasoconstriction in the leg contributed to greater reductions in TVC and rises in MAP following spontaneous MSNA bursts in the black group. Collectively, our data indicate that otherwise healthy young black men demonstrate exaggerated vasoconstriction and pressor responses to sympathetic outflow under normal resting conditions. These findings highlight a potential mechanism by which black men may develop hypertension later in life.
In this regard, our findings are noteworthy in that before the development of hypertension and cardiovascular disease, young black men exhibit augmented resting sympathetic vascular transduction. Importantly, MSNA burst frequency and incidence, traditional measures used to assess group differences in resting MSNA, were similar between groups. However, despite these similarities in resting MSNA, blacks still exhibited greater vascular and pressor responses than whites. This is important because it highlights a distinction in sympathetic vascular function at rest that is not evident by quantification of resting MSNA alone. Interestingly, the black group exhibited greater vasoconstriction and increased BP whether MSNA bursts occurred in isolation (ie, singles) or in succession with other bursts (ie, multiples). This is relevant because with increased frequency, as is the case with multiple bursts, there is likely greater norepinephrine release. 24, 25 Indeed, we found a greater vasoconstrictor and pressor response with multiple bursts compared with single bursts, which was consistently greater in the black versus the white group. Likewise, when burst amplitude, another index of norepinephrine release, 26 was taken into consideration, the vascular and BP responses to spontaneous MSNA bursts were also augmented in the black group. This was evident within all height quartiles. Thus, overall, whether the black group had single or multiple bursts, or bursts of varying amplitude, we found greater reductions in LVC and TVC and larger increases in MAP. Taken together, our findings reveal that the observed racial differences in resting sympathetic vascular transduction were not specific to a particular MSNA burst pattern or size.
Although our study design does not specifically allow us to determine the exact underlying mechanism(s) for the observed racial differences, our data lend some insight that warrants discussion. Considering that burst frequency, patterns, and amplitudes were all similar between groups, it is likely that norepinephrine release was not different for blacks and whites [24] [25] [26] ; however, prejunctional modulation of postganglionic norepinephrine release cannot be dismissed. Likewise, it is possible that racial differences in norepinephrine kinetics may exist in terms of norepinephrine reuptake and clearance. Interestingly, some 27 but not all 6 studies report greater norepinephrine spillover in blacks at rest. Also, we cannot exclude the possibility that there are racial differences in the release of other neurotransmitters at the neurovascular junction (eg, neuropeptide Y), which may lead to exaggerated sympathetic vascular transduction in the black group. However, examining alterations in neurotransmitter release is technically challenging and, to our knowledge, has not been explored in this population. Further, given previous work demonstrating augmented α 1 -mediated vasoconstriction and blunted β-adrenergic vasodilation in blacks, 6 an altered adrenergic sensitivity may contribute to an exaggerated vascular reactivity in blacks compared with whites. Finally, several studies have previously demonstrated reduced vasodilator capacity in blacks, as assessed by flow-mediated dilation, 28, 29 minimal vascular resistance, 30, 31 and intra-arterial infusion of endothelium-dependent and endotheliumindependent vasodilators. 32, 33 This is relevant because it has been suggested that a diminished intrinsic vasodilator capacity may lessen the ability to dampen the effects of MSNA on BP. 34, 35 Nevertheless, given the time scale of the beat-to-beat changes in LVC following MSNA bursts, it will be challenging to pinpoint contributions of any or all of these factors to the heightened vasoconstriction and BP responses in blacks compared with whites.
Augmented vasoconstriction, particularly under resting conditions, has significant cardiovascular consequences as it contributes to larger fluctuations in BP throughout normal daily life, which can lead to end-organ damage (eg, cerebral, renal, etc). In this study, despite similar resting MAP, blacks demonstrated a significantly greater MAP variability during the 20-minute resting period (blacks: 6.1±0.3 SDs; whites: 4.9±0.3 SDs; P=0.01). In addition, average minimum and maximum MAP ranged from 79±2 to 117±2 mm Hg in the black group and 74±2 to 105±2 mm Hg in the white group. These data are noteworthy because they demonstrate that under basal conditions, blacks are facing greater BP at both the lower and the higher end of their BP range. Additionally striking, it seems that these group differences are particularly evident at the high end, wherein blacks exhibit, on average, a 12 mm Hg greater MAP. The impact of these larger BP surges on cardiovascular health cannot be overstated.
Perspectives
Our finding that vascular reactivity to spontaneous MSNA bursts is amplified in young healthy black men under resting conditions provides key insight into potential sources for elevated cardiovascular risk in this racial group. Indeed, previous studies have demonstrated that blacks develop hypertension earlier in life and at greater rates than individuals of Asian, Hispanic, or white descent. [1] [2] [3] Importantly, the results presented herein provide early evidence that resting sympathetic vascular transduction is augmented, in advance of overt increases in vascular resistance, BP, and MSNA at rest. This exaggerated vascular reactivity and subsequent surges in BP may highlight a putative source of future cardiovascular risk in blacks. Indeed, previous longitudinal work has provided evidence that greater BP variability is linked to increased incidence of hypertension later in life, 36 and our findings provide an additional link between augmented neurovascular coupling and greater BP swings in young healthy blacks. Although it is unknown exactly how these BP surges may translate into cardiovascular disease as blacks age, it is well established that MSNA increases with age. 37 In this regard, if young healthy black men already exhibit greater vasoconstriction and BP in response to resting MSNA, it is not unreasonable to presume that with age and increasing resting MSNA, exaggerated increases in vasoconstriction and BP for weeks/months/years would not only impart significant vascular damage but also likely contribute to the development of hypertension. Indeed, even a mild increase in resting MSNA may result in black individuals progressing to a hypertensive or prehypertensive state. Nevertheless, it should be noted that the development of hypertension is multifactorial and complex, and not all cases involve elevated sympathetic outflow. However, of interest, in black men, there is no relationship between MSNA and body mass index, indicating that even lean black men have high sympathetic activity. 38, 39 Although the group we studied is younger than the subjects in these previous studies, these data and our current findings suggest a potential greater involvement of the sympathetic nervous system in the regulation of BP in black men.
In conclusion, we demonstrate for the first time that blacks have exaggerated sympathetic vascular transduction following spontaneous bursts of sympathetic activity, compared with whites at rest. Further, this augmented resting sympathetic vascular reactivity resulted in greater elevations in BP. In total, our findings suggest that blacks exhibit an inappropriate sympathetically mediated vasoconstriction under normal resting conditions compared with whites, highlighting a potential mechanism for the development of hypertension in blacks. 
